Giant magnetostrictive Fe-Ga alloys are expected as actuator/sensor materials with high respective velocity and large stress created by the magnetostriction. To develop magnetostrictive material induced by low magnetic fields, we investigated magnetostrictive (positive magnetostriction/negative magnetostriction) bimorph layers, that is, Fe 80 Ga 20 ribbon (146 mm)/Ni (14 mm) film produced by magnetron sputtering. The Fe 80 Ga 20 ribbon was prepared by rapid solidification. The magnetostrictive property of the cantilever-type foil was determined experimentally using the optical lever method. The displacement of the upper part of the foil with a length of 22 mm was 530 mm under a low steady magnetic field of 40 kAm À1 and exhibits little hysteresis. These magnetostrictive properties are also maintained under a low-frequency alternating magnetic field. Moreover, the displacement of the foil at the mechanical resonance frequency exhibits a peak and reaches 2.0 mm at a weak magnetic field of 4 kAm À1 . The magnetostrictive bimorph layers are useful for applications in microdevices such as micropumps.
Introduction
Inexpensive magnetostrictive materials that exhibit reversible strains for applied magnetic fields are demanded for sensors and actuators. Terfenol-D 1) and ferromagnetic shape memory alloys [2] [3] [4] [5] have large magnetostriction. Moreover, Clark et al. demonstrated that large magnetostrictions of 300 ppm (10 À6 ) in Fe 83 Ga 17 single crystal 6) and of 395 ppm in quenched Fe 81 Ga 19 single crystal 7) occur at room temperature. The recovery force of these Fe-Ga alloys is 18-21 MPa, which is comparable to that of piezoelectric crystal, 35 MPa. 8) However, many of these materials are brittle polycrystals or expensive single crystals.
Recently, we have shown that ferromagnetic shape memory alloy Fe 70:4 Pd 29:6 ribbons prepared by the rapid solidification melt-spinning method with a simple processing technique have a fine columnar microstructure with strong [100]-oriented texture and exhibit a giant magnetostriction of 1000 ppm with a good shape memory effect. 9, 10) Moreover, we applied the melt-spinning method to Fe 1Àx Ga x (x ¼ 0:13; 0:15; 0:17) alloy with the bcc phase to yield inexpensive, ductile and strong polycrystalline magnetostrictive materials.
11) These ribbons also had a strong [100]-oriented texture, that induces magnetic anisotropy, and exhibited a large magnetostriction of 270 ppm.
However, to achieve saturation magnetostriction in these ribbon samples, a large magnetic field of 800 kAm À1 is required. In a previous study, 12) using magnetron sputtering, we fabricated cantilever-type magnetostrictive Fe 70 Pd 30 (1 $ 3 mm)/Al substrate (50 mm)/Ni (1 $ 3 mm) and Fe 83 Ga 17 (1 $ 3 mm)/Al substrate (50 mm)/Ni (1 $ 3 mm) bimorph films. These bimorph films exhibited a large displacement of 170 $ 270 mm at a low steady magnetic field of 40 kAm À1 . To apply these films to actuators and sensors in micropump systems that demands large displacement and power under low magnetic fields, we developed bimorph layers which consist of Fe 80 Ga 20 ribbons prepared by rapid solidification and Ni films deposited using magnetron sputtering. The magnetostrictive properties of the bimorph layers were investigated under steady and alternating magnetic fields.
Experimental Procedure
An ingot of Fe 80 Ga 20 alloy was prepared from electrolytic iron (4 N) and gallium (5 N) by arc melting in Ar atmosphere. The ingot was annealed at 1173 K for 24 hours to make the alloy homogeneous. A ribbon sample about 146 mm in thickness and 5 mm in width was produced from the ingot using our custom-designed melt-spinning apparatus.
10) The magnetostriction of the Fe 80 Ga 20 ribbon is about 200 ppm. A Ni film was deposited on the surface of the Fe 80 Ga 20 ribbon by magnetron sputtering with Ni targets in Ar with a base pressure of 1.0 Pa. During deposition, the temperature of the ribbon was kept at room temperature. The deposition area of the Ni film is 5 mm in width (W) and 25 mm in length (L). To investigate the dependence of magnetostrictive character on L, the bimorph layers were cut to appropriate lengths (22, 20, 18, 16, 14 and 12 mm) after completing each measurement. When a magnetic field is applied parallel to the length, the bimorph layers bend because the Fe 80 Ga 20 ribbon with positive magnetostriction elongates and the Ni film with negative magnetostriction contracts parallel to the magnetic field direction. The displacement of the upper part of the foil was measuered using the bending cantilever beam method under steady and alternating magnetic fields in a Helmholtz coil (H max ¼ 40 kAm À1 at 0-150 Hz).
Results and Discussion
Figure 1 (200) and (211) 11) prepared by rapid solidification. On the other hand, Fig. 1(b) shows XRD patterns obtained for the Ni film deposited by magnetron sputtering.
The magnetostrictive properties of the Fe 80 Ga 20 /Ni bimorph layers and the Fe 83 Ga 17 (3 mm)/Al (50 mm)/ Ni(3 mm) film 11) with a length of 20 mm under a low steady magnetic field are shown in Fig. 2 .
The ordinate axis in Fig. 2 shows the displacement D of the upper part of these cantilever-type samples when the magnetic field is applied parallel to the length. Both magnetostrictive samples almost saturate at a low field of 40 kAm À1 and yield curves exhibiting little hysteresis with increasing and decreasing magnetic field. Moreover, the displacements induced by both positive and negative mag- and reaches 310-530 mm at 40 kAm À1 . Next, we investigated the magnetostrictive characteristics of the bimorph layers under low alternating magnetic fields. Figure 4 shows the displacement properties of the upper part of the bimorph layers with L ¼ 22 mm under H max ¼ 4 kAm À1 of (a) the cycle of the alternating magnetic field for f ¼ 1 and (c) 37 Hz, and illustrates two modes of vibration in the diagrams of (b) and (d). Here, T indicates the period corresponding of each f . The displacement change in Fig. 4(a) repeats with a half period and the magnetostrictive characteristics under a steady field remain as shown in Fig. 4(b) . On the other hand, Fig. 4(c) shows the vibrational spectrum at 37 Hz, that is, a mechanical resonance frequency, in which the displacement increases rapidly. Moreover, the mode of vibration, in which the upper part of the layers vibrates up and down as shown in Fig. 4(d) , is different from that in Fig. 4(b) . However, in Fig. 4(c) , there is an upward tendency of the vibration due to the intrinsic characteristics shown in Fig. 4(a) . Figure 5 shows the total displacement D t for the the Fe 80 Ga 20 /Ni bimorph layers with L ¼ 22 mm under an alternating field of 4 kAm À1 for the low-frequency range (1-150 Hz). The letters (a) and (c) in the figures correspond to those in Fig. 4 . Figure 5 exhibits many peaks at f ¼ 37 Hz, 74 Hz and others. In particular, the total displacements at the first and second mechanical resonance frequencies, 37 and 74 Hz, are very large.
The first mechanical resonance frequency F increases with decreasing length as shown in Fig. 6 . On the other hand, the total displacement for these layers decreases with L. From the results, the relationships among F, D t and L are shown in Fig. 7 .
The natural frequency F of a bar with one end fixed and the other end free is given by
where h, and E denote the thickness, density and Young's modulus of the bar, respectively. By considering that the bimorph layers consist of Fe 80 Ga 20 alloy with E $ 30 GPa 13) and Fig. 7 . On the other hand, the total displacement in Fig. 7 increases linearly with L except the value for L ¼ 16 mm. The deviation is attributed to the sample being fixed.
When the cycle of the displacement caused by the magnetic field is double the natural frequency F of the bimorph layers, a marked increase in D t is induced by a parameter-exciting vibration.
14) The effect makes the displacement of the bimorph layers induced by a weak magnetic field increase to about 2.0 mm.
Conclusion
To develop a magnetostrictive actuators and sensors induced by low magnetic fields, we investigated cantilevertype bimorph (positive magnetostriction/negative magnetostriction) layers. The displacement of the upper part of the Fe 80 Ga 20 (146 mm)/Ni (14 mm) layers under a weak alternating magnetic field exhibited a peak at the mechanical resonance frequency and reached 2.0 mm at 4 kAm À1 . The magnetostrictive bimorph layers are useful for applications in microdevices such as micropumps.
